Increasing evidence has demonstrated that exposure to endocrine-disrupting chemicals impacts maternal and fetal health, but the underlying mechanisms are still unclear. We previously showed that dietary exposure to 10 mg/kg body weight (bw)/d and 10 mg/kg bw/d of bisphenol A (BPA) during pregnancy induced metabolic abnormalities in F1 male offspring and gestational glucose intolerance in F0 pregnant mice. The aim of this study was to elucidate the underlying etiologies of BPA exposure2induced metabolic disease by analyzing the male fetal liver metabolome. Using the Metabolon Discover HD4 Platform, our laboratory identified metabolic pathways that were altered by BPA exposure, including biochemicals in lipid and amino acid metabolism. Specifically, primary and secondary bile acids were increased in liver from BPA-exposed embryonic day 18.5 male fetuses. We subsequently showed that increased bile acid was associated with a defective farnesoid X receptor2dependent negative feedback mechanism in BPA-exposed fetuses. In addition, through metabolomics, we observed that BPA-exposed fetuses had elevated tryptophan levels. Independent liquid chromatography and mass spectrometry measurement revealed that BPA-exposed dams also had increased tryptophan levels relative to those of controls. Because several key enzymes in tryptophan catabolism are vitamin B 6 dependent and vitamin B 6 deficiencies have been linked to gestational diabetes, we tested the impact of vitamin B 6 supplementation and showed that it rescued gestational glucose intolerance in BPA-exposed pregnant mice. Our study has therefore identified two pathways (bile acid and tryptophan metabolism) that potentially underlie BPAinduced maternal and fetal metabolic disease. (Endocrinology 158: 2533(Endocrinology 158: -2542(Endocrinology 158: , 2017 
or lower dose, and 10 mg/kg bw/d, or upper dose) resulted in adult obesity, glucose intolerance, and insulin resistance in F1 and F2 male offspring and gestational glucose intolerance in F0 pregnant mice (15) . The molecular mechanisms underlying these changes are unknown; however, it is most likely that in utero BPA exposure is linked to fetal reprogramming of metabolic pathways in the F1 male offspring. Because liver metabolism is key to metabolic health and changes in liver metabolism may underlie the etiology of disease, studying liver from BPA-exposed male fetuses and pregnant mice may elucidate the underlying mechanisms of environment-induced metabolic disease.
In this study, we hypothesized that BPA exposure substantially altered the metabolome of the liver from F1 male fetuses. To test this hypothesis, we compared the metabolome of livers from control and BPA-exposed F1 male fetuses and found that exposure was linked to differences in the bile acid pool. In addition, through liquid chromatography-tandem mass spectrometry (LC-MS) analysis, we found that livers from BPA-exposed pregnant mice had elevated tryptophan levels relative to those of controls. Tryptophan is a precursor of many biologically important metabolites, with approximately 95% of tryptophan used in kynurenine catabolism (16) . Disruption of this pathway produces xanthurenic acid (XA), which can impair insulin function and has been linked to diabetes (17) . Several rate-limiting enzymes in tryptophan catabolism use pyridoxal 5 0 -phosphate (PLP), the active form of vitamin B 6 , as a cofactor, and vitamin B 6 insufficiency has been linked to increased risks for gestational glucose intolerance (18) (19) (20) (21) (22) . We hypothesized that vitamin B 6 supplementation in BPA-exposed pregnant mice can rescue the gestational glucose intolerance phenotype and tested the hypothesis using the glucose tolerance test (GTT). We report that bile acid and tryptophan metabolism are candidate mechanisms underlying exposure-induced fetal and maternal metabolic disease and that vitamin B 6 supplementation can improve maternal glucose homeostasis.
Materials and Methods

Overview of the studies
The studies were conducted between November 2013 and January 2016 and comprised three independent studies (metabolomics, GTT, and measurement of tryptophan catabolites) using separate cohorts of mice. A schematic of the exposure groups, timeline, and sample sizes of dams/fetuses is shown in Supplemental Fig. 1 . The metabolomics was a followup of a previous study in which we analyzed only control, lowerdose, and upper-dose BPA (15) . We had no prior knowledge of vitamin B 6 and tryptophan relevance at the time the metabolomics was performed. Analysis of the metabolomics resulted in our hypothesis that the gestational diabetes phenotype in upper-dose BPA2exposed pregnant mice was linked to vitamin B 6 deficiency and elevated tryptophan level. We subsequently tested this hypothesis by performing GTTs on new control, lower-dose BPA, upper-dose BPA, upper-dose BPA plus vitamin B 6 , and vitamin B 6 alone cohorts (see our methods in the following sections). The tryptophan catabolite measurement included the same categories of exposure as the GTT.
Mouse information
Six-week-old virgin C57BL/6J female mice were exposed to a modified AIN 93G diet or control diet (TD 95092 with 7% corn oil substituted for 7% soybean oil), 50 mg/kg BPA (lower-dose diet; TD 110337), and 50 mg/kg of BPA (upperdose diet; TD 06156) purchased from Envigo (Madison, WI) 2 weeks before mating, and exposure continued during mating until gestation day 18.5 (for metabolomics and tryptophan catabolite measurements) or 16.5 (for the GTT). Previously, we had determined that these exposures resulted in maternal serum BPA levels within the range of human exposure (23) .
For the rescue experiment, we included a diet of upper-dose BPA supplemented with 24 mg/kg of vitamin B 6 (TD14336). The dose was selected because vitamin B 6 supplementation in laboratory mice typically ranged from 24 to 35 mg/kg (24) (25) (26) . As a reference, our control diet was supplemented with 6 mg/kg of vitamin B 6 . A diet with 24 mg/kg of vitamin B 6 alone (TD14335) was also used to control for potential vitamin B 6 2related effects. All animal studies were approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
For metabolomics, pregnant mice were euthanized on gestation day 18.5, and the liver was isolated from the fetuses. Fetal sex was determined by physical appearance of the gonads and was confirmed by sex-specific polymerase chain reaction. Liver tissues from both males and females were weighed, snap frozen, and stored at 280°C until analysis. Because we previously reported male-specific metabolic phenotypes (15) , only male fetuses were included in the metabolomics. For tryptophan metabolite measurements, we collected maternal livers.
Metabolomics
A total of 30 liver samples ($50 mg/sample) were analyzed in the study, representing 10 male fetuses from each exposure group (Supplemental Fig. 1 ). Global metabolomic profiling was conducted in collaboration with Metabolon, Inc. (Durham, NC) following previously described methods (27) . Briefly, samples underwent a series of organic and aqueous extractions optimized for small molecule recovery and were then split into equal parts for gas chromatography-mass spectrometry and LC-MS analyses. For the latter platform, samples were again divided for profiling in both positive (acidic) and negative (basic) ionization modes.
Raw data were extracted, peak-identified, and quality control processed using Metabolon proprietary hardware and software. Peaks were called against a library of 3300 named biochemicals composed of amino acids, lipids, carbohydrates, nucleotides, peptides, vitamins, cofactors, and xenobiotics. A total of 335 biochemicals were identified in this study (Supplemental Tables 1 and 2 ). Using hierarchical clustering, heat maps were generated with GENE-E software developed by the Broad Institute (available at http://www.broadinstitute.org/ cancer/software/GENE-E/). Heat maps depict the fold-change difference in metabolite concentration across exposure groups (i.e., control vs lower, control vs upper, and lower vs upper) or the z score comparing the metabolite concentrations between controls and BPA-exposed mice with their respective population means. Principal components analysis was used to determine separation among replicates within and between exposure groups.
To gain insights into BPA exposure2induced metabolic phenotypes, we searched PubMed for published works using the keywords obesity, diabetes, and BPA and each of our differentially regulated metabolites of interest. We focused on the categories of metabolites showing the most prominent changes in our analysis, including glucose, g-glutamyl amino acid, phenylalanine, tyrosine, tryptophan, bile acids, and BPA metabolites (Supplemental Table 3 ). The resulting numbers of publications are listed in Supplemental Table 4 , showing that g-glutamyl, phenylalanine, tryptophan, and bile acids have major relevance to metabolic disease but with a limited link to BPA. We subsequently pursued the analysis of bile acids and tryptophan, which showed the greatest magnitude of change among our exposure groups.
Real-time quantitative polymerase chain reaction analysis
For analysis of genes related to bile acid metabolism, total RNA was extracted from a subset of the embryonic day 18.5 fetal livers used in the previously described metabolomics analysis (n = 6 to 9) using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's guidelines and quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Using Invitrogen SuperScript Transcriptase III (Carlsbad, CA) and random hexamers, we subsequently generated complementary DNA. Real-time quantitative polymerase chain reaction (qRT-PCR) analysis was conducted using an Applied Biosystems 7900HT Fast Real-Time PCR system (Foster City, CA) with the following protocol: 5 mL of Master Mix, 0.2 mL of reverse and forward primers (10 mM), and 4.6 mL of complementary DNA (5 ng). The following primers were used: 5 0 GCTTGA-TGTGCTACAAAAGCTG 3 0 (forward) and 5 0 CGTGGTG-ATGGTTGAATGTCC 3 0 (reverse) for Fxr; 5 0 GTCTTTCTG-GAGCCTTGAGCTG 3 0 (forward) and 5 0 TCCTGTTGCA-GGTGTGCGA 3 0 (reverse) for Shp; 5 0 GGGATTGCTG-TGGTAGTGAGC 3 0 (forward) and 5 0 GGTATGGAAT-CAACCCGTTGTC 3 0 (reverse) for Cyp7a1; and 5 0 GACAA-GGGTTTTGTGCCCTG 3 0 (forward) and 5 0 GTGAAGA-CATCCCCGTGCTT 3 0 (reverse) for Cyp8b1. Samples were set up in triplicate and analyzed using Applied Biosystem design and analysis software. Total expression of genes of interest in exposed groups was calculated relative to the control group using the comparative Ct method and was analyzed using the statistical methods described in a following section. We used Arppo, Gapdh, and Nono as the reference genes.
GTT
At gestation day 16.5, pregnant mice were fasted overnight and subsequently injected with 2 g/kg bw of glucose intraperitoneally. At 0, 15, 30, 60, and 120 minutes, blood was sampled from the tail vein and glucose was measured with a handheld glucometer. To measure total glucose concentration for each mouse, we calculated the area under the curve and compared mean areas under the curve among the different exposure groups using the statistical analysis described in the following section.
LC-MS analysis
Tryptophan metabolites in maternal liver were measured using a modification of a previously established method (28) . Briefly, the analytes were separated on a C18 silica column by reverse-phase LC and detected by electrospray ionization tandem MS in positive ion multiple-reaction monitoring mode. The limits of detection and the lower limits of quantification were in the range of 0.1 to 50 nM and 0.5 to 100 nM, respectively.
13 C isotope2labeled and deuterated internal standards were used to achieve accurate quantification of metabolites. Mean levels among groups were compared using the statistical analysis described in the next section.
Statistical analysis
For metabolomics data, after log transformation, Welch two-sample t test was used for pairwise comparison and assessment of whether two unknown means were different from two independent populations. In addition, a random effects model was used to take into account that the fetuses were derived from different dams. For this analysis, we used a mixed analysis of variance model to identify biochemicals that differed significantly between the exposure groups using the following model: Log (Metabolite) = Exposure + Litter (Exposure) [Random] . We used random forest analysis (29) to segregate the various exposure groups and provide an "importance" rank ordering of metabolites. The analysis resulted in a predictive accuracy of 77%. To determine which metabolites make the largest contribution to the classification, a "variable importance" measure was computed and expressed as "mean decrease accuracy." For all comparisons, P , 0.05 and a false discovery rate (q-value) ,0.05 were considered significant. For qRT-PCR, GTT, and tryptophan catabolite measurements, we performed the Student t test or analysis of variance followed by Tukey post hoc test using the Prism software program. P , 0.05 was considered significant, and all values were expressed as mean 6 standard error of the mean.
Results
In utero BPA exposure significantly altered fetal liver metabolome
To determine whether BPA-induced adult disease was linked to early developmental perturbations of metabolic pathways, we exposed pregnant F0 mice to control, lower-dose BPA, and upper-dose BPA and studied the metabolic profiles of the embryonic day 18.5 fetuses through metabolomics. By analyzing the fetus as the unit of measurement, we found levels of 13 metabolites that significantly differed between control and lower-dose BPA, 39 metabolites between control and upper-dose BPA, and 37 metabolites between lower-dose and upper-dose BPA [ Fig. 1(a) ; Supplemental Tables 1-3a] . These biochemicals can be segregated into pathways related to carbohydrates, peptides, amino acids, lipids, purines, cofactors and vitamins, and xenobiotic metabolism (Supplemental Table 3 ). Because of the small sample sizes and heterogeneity among the replicates, principal components analysis did not reveal significant separation among groups or clustering among replicates within the same group (Supplemental Fig. 2 ). The subtle differences among groups, however, could be distinguished well when analyzed by random forest analysis. Random forest analysis accurately clustered the samples on the basis of their exposure groups and identified the top 30 biochemicals responsible for the segregation (Supplemental Fig. 3 ).
When the lower dose was compared with control, we found that lipid metabolites (e.g., squalene, carnitine, 3-dehydrocarnitine, 3-hydroxybutyrate, propionylcarnitine, and hydroxybutyrylcartinine) were increased (Supplemental Tables 2 and 3a) . Biochemicals in the carbohydrate, peptide, and amino acid metabolism classes (e.g., glycerate, glycylleucine and tyrosine, and proline, respectively) were decreased, whereas p-cresol sulfate and 2-hydroxybutyrate (i.e., amino acid metabolites) and pyridoxate (i.e., vitamin B 6 metabolism) were significantly increased relative to controls (Supplemental Tables  2 and 3a) .
In contrast to lower-dose BPA exposure, upper-dose BPA exposure produced more substantial metabolomic changes [ Fig. 1(b) ; Supplemental Tables 2 and 3a] . Upper-dose BPA exposure significantly elevated levels of BPA glucuronide and BPA monosulfate relative to controls [ Fig. 1(b); Supplemental Fig. 4 ; Supplemental Tables  2 and 3a] ; these changes were unique to the upper dose and were not induced by lower-dose exposure. We also observed that upper-dose BPA altered lipid metabolism and that bile acid levels significantly differed between the experimental groups [ Fig. 2(a) ; Supplemental Tables 2  and 3a ]. Upper-dose BPA2exposed fetal livers showed increases in primary [e.g., taurocholate, b-muricholate, tauro (a + b) muricholate, and taurochenodeoxycholate] and secondary bile acids (e.g., taurohyodeoxycholic acid) relative to controls [ Fig. 2(a) ; Supplemental Tables 2 and  3a] . Other biochemicals that were increased in upperdose BPA fetuses were aromatic amino acid catabolites (e.g., phenylalanine, tyrosine, and tryptophan) and peptide metabolites (e.g., g-glutamylphenylalanine, g-glutamyltryptophan, g-glutamyltyrosine, and phenylalanylaspartate). In general, upper-dose BPA increased levels of metabolites relative to controls [ Fig. 1(a) and 1(b); Supplemental Tables 2 and 3a] , except for some glucose metabolites (e.g., glucose-6-phosphate and fructose-6-phosphate) that were decreased [ Fig. 1(b) ; Supplemental Tables 2 and 3a] .
When the metabolomes of the upper-dose BPA vs lower-dose BPA groups were compared, we observed a significant increase in the levels of bile acid metabolites, except for primary bile acids b-muricholate and taurocholate (Supplemental Tables 2 and 3a) . Several amino acid and peptide metabolites were also increased, including glutamate, tyrosine, tryptophan, g-glutamyltyrosine, and g-glutamyltryptophan (Supplemental Tables 2 and 3a) . No significant alteration in carbohydrate metabolism was detected, except for reduced ribulose/xylulose 5-phosphate and increased glycerate (Supplemental Tables 2 and 3a) . Overall, our results demonstrated that the effects of BPA exposure on the metabolome were dose sensitive and that upper-dose BPA produced markedly more changes than the lower dose.
When we reanalyzed the data using the litter as the unit of measurement, we found that levels of five metabolites significantly differed between control and lower-dose BPA, 17 metabolites between control and upper-dose BPA, and 14 metabolites between lower-dose BPA and-upper dose BPA (Supplemental Table 3b ). When lowerdose BPA was compared with control, we found increased levels of amino acid (e.g., betaine, p-cresol sulfate, and 2-hydroxybutyrate) and lipid (e.g., squalene) metabolites and decreased levels of glycerate (Supplemental Table 3b ). Except for betaine, differences in the abundance of these metabolites were also significant when we analyzed the data using the fetus as the unit of measurement (Supplemental Table 3a ).
In the reanalysis of the upper-dose BPA vs control groups, we consistently observed that peptide (e.g., g-glutamylmethionine and g-glutamyltryptophan) and amino acid (e.g., phenylalanine, p-cresol sulfate, and tryptophan) metabolites and BPA monosulfate were more abundant and that carbohydrate metabolites (e.g., glucose-6-phosphate, fructose, ribose 5-phosphate, and mannose-6-phosphate) were significantly reduced (Supplemental Table 3b ). No changes were detected in bile acids, except for primary bile acid cholate, which increased in the upper-dose BPA group (Supplemental Table 3b ). Using this alternative statistical method, we also observed that levels of betaine, alanylalanine, lysylleucine, phenylalanylalanine, phenylalanylaspartate, and serylphenyalanine were significantly higher; these changes were not detected when the analysis was done using the fetus as the unit of measurement. Furthermore, comparison between upper-dose BPA and lower-dose BPA revealed an increased abundance of glycerate, peptides (e.g., g-glutamylmethionine, alanylalanine, lysylleucine, phenylalanylaspartate, and serylphenyalanine), amino acids (e.g., phenylalanine, tyrosine, and tryptophan), lipids (cholate and pentadecanoate), 2 0 -deoxyuridine, and BPA monosulfate. Ribulose was the only metabolite that showed decreased abundance in this comparison (Supplemental Table 3b ). Differences in alanylalanine, lysylleucine, phenylalanylaspartate, serylphenyalanine, and cholate were not previously detected when the fetus was used as the unit of measurement (Supplemental Table 3a ).
In summary, fewer metabolites were significantly different in abundance when the litter vs the fetus was used as the unit of measurement in the analysis (i.e., a total of 24 vs 65 metabolites, respectively, across exposure groups). However, both methods similarly showed that BPA affected the metabolome in a dose-sensitive manner, with upper-dose BPA producing more effects than lower-dose BPA.
Increased bile acids in liver from the upper-dose BPA2exposed fetus were linked to lack of negative feedback regulation
One of the top metabolic pathways that was altered in upper-dose BPA2exposed fetal livers was bile acid metabolism. Bile acid synthesis occurs exclusively in the liver through the conversion of cholesterol into more water-soluble amphiphatic compounds by the action of the cytochrome P450 superfamily of enzymes, CYP7A1 and CYP8B1. The size of the bile acid pool is tightly regulated by a farnesoid X receptor (Fxr)2dependent negative feedback mechanism in which increased bile acids activate Fxr gene expression, which subsequently inhibits transcription of Cyp7a1 and Cyp8b1 (30).
Because upper-dose BPA exposure resulted in increased bile acids in the liver [ Fig. 2(a) ], we analyzed expression of genes involved in bile acid regulation. Under normal conditions, increased bile acid levels activate Fxr messenger RNA (mRNA) expression (30) . However, our qRT-PCR analysis revealed that Fxr mRNA expression was significantly reduced in upper-dose BPA2exposed livers [ Fig. 2(b) ; P = 0.02]. Consistently, Shp mRNA levels were also decreased in the upper-dose BPA group relative to the control group [ Fig. 2(b) ; P = 0.01]. However, reduced Fxr and Shp mRNA expression was not associated with increased transcription of Cyp7a1 and Cyp8b1, as we observed no significant difference in mRNA expression between control and upper-dose groups [ Fig. 2(b) ]. These data suggest that elevated bile acid levels in upper-dose BPA2 exposed fetal liver may be linked to defective Fxr-dependent negative feedback regulation of bile acid synthesis.
Elevated tryptophan level was linked to gestational glucose intolerance
We and others have reported that BPA exposure in pregnant mice resulted in gestational glucose intolerance (15, 31) . Although various mechanisms have been proposed (31), the exact link remains unclear. In the current study, we observed that upper-dose BPA exposure increased fetal tryptophan levels [ Fig. 3(a) ; Supplemental Table 3 ]. We next investigated whether fetal tryptophan levels reflected levels in the pregnant dams and whether tryptophan catabolism was a potential mechanism underlying BPA-induced gestational glucose intolerance in pregnant mice. Using LC-MS, we independently measured tryptophan in the maternal liver and found that upper-dose BPA2 exposed pregnant mice had elevated tryptophan levels relative to those of controls [ Fig. 3(b) ; P = 0.0002]. We also found a trend of increased levels of maternal XA in the upper dose2 exposed mice relative to levels in controls (P = 0.07).
One condition that may result in elevated tryptophan and XA levels is vitamin B 6 deficiency; studies have suggested that vitamin B 6 supplementation can partially rescue gestational diabetes in women (21, 22) . We tested whether gestational glucose intolerance in BPA-exposed mice could be alleviated with vitamin B 6 supplementation by conducting a GTT in pregnant mice exposed to control, upper-dose BPA, and upper-dose BPA supplemented with 24 mg/kg of vitamin B 6 . Consistent with previous findings, upper-dose BPA2exposed pregnant mice had increased glucose levels relative to those of controls [P = 0.01 (15)], suggesting a phenotype consistent with gestational glucose intolerance [ Fig. 3(c) ]. Interestingly, BPA-exposed mice supplemented with vitamin B 6 had glucose levels similar to those of controls [ Fig. 3(c) ]; tryptophan levels in these mice were also similar to those of controls [ Fig. 3(b) ]. Our results demonstrate that vitamin B 6 supplementation rescued gestational glucose intolerance and suggest that the BPA-induced metabolic phenotype is, at least in part, linked to vitamin B 6 2dependent tryptophan catabolism.
Discussion
Studies have demonstrated that some health effects related to BPA exposure are linked to its estrogenlike properties (32) . Previously, we reported that early developmental BPA exposure is linked to male-specific glucose intolerance, higher body fat, and insulin resistance during adulthood (15) . Through profiling of the fetal liver metabolome, we identified bile acid metabolism as a pathway that was perturbed in BPA-exposed fetuses, Figure 3 . Tryptophan metabolism and vitamin B 6 deficiency are linked to BPA-induced gestational glucose intolerance. (a) Metabolomic analysis revealed that liver from upper-dose BPA2exposed fetuses had increased tryptophan levels relative to that of controls. (b) LC-MS assay shows that liver from upper-dose BPA2exposed pregnant mice (dark blue) had elevated tryptophan levels compared with levels in control pregnant mice (gray); however, the level decreased to control-like values when the mice were supplemented with vitamin B 6 (green). (c) GTTs show that upper-dose BPA2exposed pregnant mice (dark blue) had a significantly increased glucose concentration relative to that of controls (gray). In contrast, vitamin B 6 supplementation in upper-dose BPA2exposed pregnant mice (green) normalized the glucose level to a control-like value. Our data also show that pregnant mice supplemented with vitamin B 6 alone (orange) had a significantly lower glucose concentration compared with that of controls. *P , 0.05; **P , 0.001; the pregnant mouse was used as the unit of measurement.
providing a candidate mechanism for adult metabolic disease susceptibility. Elevated fetal bile acid levels have been linked to adverse pregnancy outcomes (33) . In adults, bile acids have been shown to regulate lipid, glucose, and energy metabolism, and abnormal levels contributed to the development of adult obesity and diabetes (34) . Our studies demonstrated that BPA exposure altered bile acid metabolism in the fetus. Whether this contributed to the development of abnormal glucose metabolism that we observed in BPA-exposed mice remains to be determined.
Bile acids are synthesized from cholesterol through the classic pathway in which CYP7A1 and CYP8B1 convert cholesterol to 7 a-hydroxycholesterol and subsequently to 7 a-hydroxyl 4 cholesten, which is the precursor of the primary bile acids cholate and chenodeoxycholic acid. In the mouse, most chenodeoxycholic acid is converted to a-and b-muricholate, and cholate and a-and a-muricholate are the major primary bile acids in the mouse bile acid pool. Some primary bile acids subsequently undergo conjugation with taurine or glycine and are converted to secondary bile acids, although it is unclear how much of the conjugation process occurs in the fetus and whether most conjugates are derived maternally.
Levels of primary bile acids and their conjugates are relatively low in the fetal liver 2 days before birth but markedly increase at parturition, consistent with patterns of Cyp7a1 and Cyp8b1 mRNA expression (35) . Cyp7a1 transcription and bile acid synthesis are under negative feedback regulation by Fxr-dependent signaling. An increased bile acid pool induces Fxr gene activity and activates transcription of Shp. Shp is a corepressor that inhibits Lrh1 or Hnf4-a, which subsequently represses Cyp7a1 and inhibits bile acid synthesis (30) . However, elevated bile acids in our upper-dose BPA2exposed fetal liver did not result in the expected response; we observed reduced transcription of Fxr and Shp, suggesting that the negative feedback regulation was aberrant. We also noted that although upper-dose BPA2exposed fetal liver had reduced Fxr and Shp gene expression, gene expression of Cyp7a1 and Cyp8b1 was unchanged [ Fig. 2(b) ], which suggests that the increased bile acid pool was not due to elevated synthesis per se. This observation implies that an alternative mechanism must exist to increase the bile acid pool in the upper-dose BPA2exposed fetal liver.
Although detailed exploration of the bile acid signaling pathway is beyond the scope of this study, future analyses that include studies of fetal import and/or transport of bile acids are potentially important in elucidating mechanisms underlying a BPA-induced increase in the bile acid pool. In newborn mice, Fxr-dependent signaling initiates the expression of major transporters involved in enterohepatic circulation of bile acids (35) .
Reduced Fxr mRNA expression in upper-dose BPA2 exposed mice may be associated with impaired transport and increased accumulation of bile acids in fetal liver. In addition, BPA may impact placental and maternal circulation of bile acids (36) . How these processes contribute to the later development of increased fat deposition in BPA-exposed mice (15) remains to be determined, and future studies will be important to elucidate more mechanistic details of BPA-induced alterations in fetal bile acid metabolism.
This study reported a link between abnormal tryptophan catabolism and EDC exposure. In normal human pregnancy, maternal levels of tryptophan typically decrease by ;40% from the first to the third trimester (37) . In addition, increased tryptophan is more frequently observed in miscarriages and pregnancies with complications, including preeclampsia (38, 39) . Furthermore, abnormal tryptophan catabolism has been implicated in gestational diabetes (21, 22) . We tested the relevance of tryptophan to the development of gestational glucose intolerance in this mouse model (15) . One potential mechanism that disrupts the tryptophan catabolic pathway is cellular insufficiencies of PLP, the active form of vitamin B 6 (20) . Tryptophan catabolism is sensitive to reduced vitamin B 6 bioavailability because various enzymes in the pathway (e.g., kynureninase and kynurenine aminotransferase) use PLP as a cofactor (20) . In both humans and mice, decreased PLP level can alter activities of these key enzymes, thereby increasing levels of tryptophan catabolites (18, 19) . In mice, kynureninase activity decreases during pregnancy, and this is exacerbated by gestational vitamin B 6 deficiency (20) . One prevailing hypothesis is that estrogen conjugates, which are typically elevated during pregnancy, inhibit binding of PLP to kynureninase (40, 41) . Further studies have suggested that compounds comparable in structure to estradiol sulfate, such as diethylstilbestrol disulfate, act similarly (41) . We postulate that the increased level of BPA monosulfate in upper-dose BPA2exposed mice (Supplemental Fig. 4 ) inhibited tryptophan catabolism by perturbing binding of PLP to PLP-dependent enzymes and that these defects were linked to gestational glucose intolerance, which we have observed in our BPA-exposed pregnant mice. Supplementing BPA-exposed pregnant mice with vitamin B 6 rescued the gestational diabetes phenotype. Because sulfate conjugation is a common step in phase II metabolism of xenobiotics, elucidating the mechanisms using these mouse models may contribute to understanding of how BPA or other estrogenic chemicals interfere with the tryptophan-kynurenine catabolic pathway. In humans, although glucuronide is the major BPA metabolite, BPA sulfate represents about 15% of total BPA (42) . In addition, tryptophan is the precursor of serotonin, and modulation of this pathway has also been linked to gestational diabetes (43) . Although mechanisms underlying gestational glucose intolerance are complex (i.e., lower-dose BPA2exposed pregnant mice had elevated glucose level but normal tryptophan level [ Fig. 3(b)  and 3(c) ], future studies of tryptophan catabolism and the effects of environmental exposures on the regulation of this pathway may illuminate some etiologies of environment-induced human pregnancy complications.
Despite these findings, our studies have some limitations. First, our initial analysis used the fetus, as opposed to the litter, as the unit of measurement. This statistical approach may not have controlled for potential litter effects (i.e., if exposure differentially affected litters, such that fetuses from one litter had different values of the outcome variable than fetuses from the other litter). Reanalysis of our metabolomics data using a random effects model, which took into account the contribution of each litter, revealed that tryptophan was still significantly more abundant in the upper-dose group (Supplemental Tables 2 and 3) . We also detected similar trends for taurocholate and tauro (a + b) muricholate (Supplemental Tables 2 and 3 ). Second, we tested only males because no metabolic phenotypes were observed in F1 female offspring (15) . Lastly, we used independent cohorts of mice for the different components of this study, which may have limited integration of biological interpretations of the results.
In conclusion, our study has identified two metabolic pathways that are abnormal in BPA-exposed mice and could be responsible for the observed metabolic phenotypes: bile acid metabolism and tryptophan catabolism. In-depth studies of various components of each pathway will provide more mechanistic insights into how gestational exposure to BPA or other EDCs disrupts maternal and fetal health.
